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MEASUREMENTS OF NEUTRON-INDUCED FISSION CROSS-SECTION RATIOS
INVOLVING ISOTOPES OF URA: TUM AND PLUTONIUM

J. W. Behrens and G, ¥, Carlson

Lawrence Livermore Laboratory, Uni rersity of California
Livermore, California ‘4550 USA

ABSTRACT

A procedure, called the threshold cross-section method was
apglied to our exgerimental data involving gur uranium (Z’3u

, 236 U and 2°%U) and five plutonium (* Pu, 2“%py, 2“lpy,
2"'ZPu and Z“"1"u) isotopes to determine rati-s of fission cross
sections relative to 2°°Y, The data were gathered using ioniza~
tion fission chambers and the time~of-flight technique at the LLL
J00-MeV electron linear accelerator: measurements span the neutron
energy range of 0,001 to 30 MeV. Experimental uncertainties common
to past measurements were either eliminated or significantly
reduced in this study by use of the threshold method, thereby
making higher accuracies possible. Our crcss-section ratios are
absolute in the sense that they do not depend on the work of others.
Results from our ratios involving ‘33U 235U 238U and 23%py are
used tov illustrate this method,

INTRODUCTION

Over the past two decades, many measurements of the neutron-induced
fission cross-section ratios involving isotopes of uranium and plutonium have
been published., In most cases, these ratios are made with respect to the
fission cross section of U, and fall into two categories: ratios in which
the measurerent includes an experimental means for determining the normaliza-
tion, and ratios that are grbitrarily normalired to a value taken from either
another experiment or frowm an evaluation, Ratios belonging to the first
category not only give definition to the relative energy dependence of the
cross sections but also provide an independent means for obtaining absolute
fission cross sections once the cross section of the reference nuclide is
kiaown, Fission crossesection ratio measurements invelving the relatively
long-lived isotopes of uranjum (233U 23"!] 2% 5U 236 U and 2°%y) and pluto~
nium (3°%Pu, 2“%Pu, %“‘Pu, 2“2Pu, and 2"“Pu) were recently completed at LLL

using our thteshold cross—section method.

Our measurements were conducted using ionization fission chambers and
the time~-of-flight technique at the LLL 100-MeV electron linear accelerator
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(linac). The measurements span the neutron energy range <f 0.001 to 30 MeV,
except where limited hy low cross sections in the threshold isotopes. The
continuous energy spectrum of the neutron source allowed us to cover the
entire energy range of each ratio in one measvrement. 1In this paper our ex-
perimental setup and techniques are summarized and references containing more
detailed information about our experiment as well as listings of some of our
data are given. This work emphasizes the threshold cross-section method as
outlined earlier by Behrens [1], and a comparison with the commonly used
method illustrates the elimination or significant reduction of experimental
uncertainties that is possible with our procedure,

EXPERIMENTAL PROCEDURE

Neutron Source and Detectors

Most of the measurements were condu:-ted with fission chambers located at
the 34,3~-m station of the 250-m time-of~flight tube at the LLL linac. The
ratios involving 2"%Pu, 2*2Pu, and 2""Pu were measured at 15.8 m to reduce
the effect of spontaneous fission backgrounds. The linac was operated at
1440 Hz with an electcon pulse width of 10 ns to produce neutrons in a water-
cooled tantalum target.

The fission detectors were parallel-plate ionization chambers of modular
design, placed back-to-back in a pressure vesse’ with the foils oriented per-
pendicular to the incIdent neutron beam, Both time-of-flight and pulse-height
information were processed for each event in our data acquisition system, 5
Table I lists the isotopic compositions aud areal densities of our high-purity
fissionable materials,

Timing, Resolution, and Backgrounds

The gamma flash from the tantalum target was used as our main timing
reference for most of our measurements. We verified this timing by measuring
the positions of the MeV resonances of carbon and our time-of-energy con-
version includes the relativistic correction.

81, ey

The resolution of our experiment was determined by the resolution of the
fission detector (<9 ns) and the pulse width of the electron pulses striking
the tantalum target (V10 ns). Uncertainty in flight path as well as in finite
target and detector thickness resuited in a loss of resolution that was small

~ compared to the magnitude of these two components. OQur data have typical
energy resolutions of 6% at 20 MeV and 1.5 to 3.0% at 1 MeV,

' Out-of-time neutron backgrounds were measured at both time-of-flight
stations using the black-resonance absorber technique and were found to con-
tribute negligible :rror (<0,1%), Time-independent backgrounds resulting
from amplifier noise, alpha pileup puises, and spontaneous fission were sub-
tracted and, in most cases, these corrections also contributed negligible
error. A variety of reports further describing our experiient and experi-
mental errors are available [2-7]; several contain listings of our
data [4,6,71.




Comparisaa of Procedures (or Determinatfon of Cross-Section Ratios

A common procedure for fission cross-scction ratfo determination re-
quires the placement of fisslon detectors, cach contalning a high~puricy
fissionable isotope, such that they are run simultineously in the same
neutron (lux. The expected counting rates in these detectors are then

rA(E) = :(E)NAGA(E) and rB(E) = c(E)KBGB(E),

where $(E) is cthe neutron flux and Njy and Ng are the numbors of atoms of
isotopes A and B, The rativ of these rates gives

rA{E) . NAGA(E) or GA(E‘ i} Eﬁ rA(E)
ru(h) NBGB(EJ GB(E) A rn(b)

The atem ratio, Ng/Np, must be known to determine the fission cross-
section ratio, GA(E}/og(E). In practice, the fission detectors usually have
different filssion fragment detection efficiencies that are less than 100X
because of fragment losses in the fission foils and other effects. Thus, to
account for detector efficlencies, the expression bhecomes

e+
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where 23 and 8p are the explicit detector efficiencies, and the ratio
PRNp/BANA is the "effective" atom ratio. The measurement must now include
cither the determination of 23 and fg or the determination of the effective
atom ratlo, itself, Efficiencles are usually determined by studying the i
pulse-height distritutions and estimating the fragment losses. The effective i
atom ratio 1s usually measured at a neutron energy where the cross-section b
ratio is assumed to be well-known, e.g., 7t tiermal neuiron energy. Experi-
mental uncertainties arising {rom these added steps can dominate the list of
errors and iimit the accuracy of the final ¢ros,~-section ratio. Some investi-
gators indicate that the determination of the effective atom ratio i{s the
critical problem that limits the accuracy of the entire measurement [8,9].

The numbers of atoms, Nj and Xy, can be determined by assaying techniques such
as alpha counting, isotope-~dilution mass spectrometry, and controlled-
potential coulometry. The errcvrs associated with these techniques further
limit the accuracy of the final result. In recent vears this commonly-used
proce.jure has been uszd in a variery of published fission cross-section ratic
measurements with considerable emphasis placed on the discussion of detector
efficiencies, fragment losses, and zssaying techniques [8-16].

QOur data were reduced using a procedure we call the threshold cross~
section method. With this method it is possible to obtain resylts with total
uncertainties of less than 1% for each threshold-isatope ratlo, Determina~
tion of ratiuvs involving two nonthre~ho!d isotopes can be accomplished by
using this method more than once, as illastrated in the next section.

The threshold method uses two fission chambers. The first contains a
mixture of the two isotopes of interest with an atom ratin, n, of the isotope
B to the threshold isotope A, For some range of emergies below the threshold
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of isotupe A, the ratle of fisslon cross sections, wA(ﬁ)/u“(u), must be neg-
Ligible when compared with the same ratio above the threshold,  The expected
rount ing rate in the mixed chamber is

r(g) = *(“)ﬁmxa‘“A(E’ + (0],

where ¢(F) is the acutron Tlux, Ny ix the number of atoms of fsotope A, and
By Is the efficiency for detecting fisslon frapments i the mised chamber,
The second {ission chamber contains Ny atoms of pure isotope ¥ and has an
efficiency of Sp. The counting rate for this pure chamber ix

rp(E) n ¢(E)SPN“ ogE) .

To measure rp(E) and r(E), the two chambers are exposcd simultancousnly
to the same neutron beam, he ratio of thefr rates pives

r (&) &N, fo,(8)
R‘E""‘Lﬁ'?"“«‘l(“—?”)-
rp(. ,prn dB( )

Below the threshold of isotope A, R(F) is o constant, Q, and the experimental
results yield the ratio of the effective numbers of atoms since

%% g
BPNB n

Substituting Q/n into the above equation and solving for 04(E)/og(E), we
obtafn the cross-section ratio,

(1)

E .

9, (E)

Only the atom ratio in the mixed chamber, n, 13 a necessary prerequisite in
the determination of the cross-section ratio.

RESULTS OBTAINED USING THE THRESHOLD METHOD

Application of the threshold method te the determination of the 2'°u/
215y fission cross-section ratio will Ffurther illustrate this procedure. In
this measurement the mixed chamber, containing a homogeneous mixture of 35y
and 3%, was pregared from materials of high isotopic purity. The atom
ratio, n, af the Sy lsotope to the threshold isotope, 2’°u, was determined
using mass spoctvometry., The pure chamber contained high-puricy 235y and
bakl chambers were exposed simultaneously to the same neutron beam., The
ratio, R(%), of the counting rates g, (E) and rp(E), taken from one of our
experimental runs, }s shown in Figure la. Below the threshold of the 2%%y,
R(E) is a constant, 0, and is equal to the ratio of effective numbers of
atoms multiplied by n. Abave the threshold, R(E) is equal to (Q/n x Gas/02s)
+ Q. Once Q is subtracted from R(E) and these vesults are multiplied by n/Q,
we obtain the ratio of the 2?%u/2?% figssion cross sections, (Figure 1lb). 1In



the fnterval from 1.7% to 4,00 MeV an average cross-section ratio of 0,4422
s G.00%9 wius found.,

The relative counting uncertalnties hecome large when the fission cross=
section ratlo becomes small comparsd to the mixed chamber atom ratio, n,
Therefore, the ° "U/? %% ratlo was also determined in the same experiment by
fncluding separate fission chambers containing high-purity 238 and high-
puricvy "' 7Y, These results were normalized to the average value of the
threshold method dacn, 0.4422 ¢ 0,0039 in the interval of 1.75 to 4.00 MeV
(sce Figures 1b and le¢). Two scparate 2%y fission chambers were used to
aveid correlated errors between the two sets of measurcments and to provide
an cxperimengal determinacioa of the magnitude of the neutron flux change
acroess the four biack~to~back (ission chambers. Figure 1d shows our ratio
over tine 0.1 to 1.5 ¥eV energy range.

1t is possible to use the threshold method to determine normalization
Y?luef‘[ur rutgos favolving two nonthreshold isotopes as illustrated by our
AN 4nd P %Pu/Y %L cross-section racio measurements, For the 237y/2Y%g
cross~section ratio measurcment, we first obtained the 2253y ratto
(Figure 2a), The average of this ratio was 0,3007 = 0,.0026 in the interval
from 1.75 to 4.00 MeV, This value, together with our value for 2°%us2%%y
cross=section ratio gave a normalization for the 23357235 patio (Figure 2b),
For the 2"?u/”5u cruss-section ratio measuremant, an auxiliary measurement
of the ratie /7 %y was made using the threshold method. This data,
shown o Figure i, vicelded an average value of (,2895 - €,0042 in the nor-
pilization interval and was used with the 2’ %0/%°%Y cross-section ratio to
vormialize our “*Pu/??%0 ratio (Figure 3b).

Flssion cross-section ratio measurements ianvolving ”“U, z"v, 2"“l’u,
lpy, ?%%py, and *“Pu werc also conducted at the linac. All of our normal-
ization values were determined from the threshold-method cross~section ratios
atd are glven In Table T1, aiong with the values of n as determined by groups
at LLL and the Los Alamos Scientitlic lLaboratory. _Fipures 4 through 6 show
our fission cross-section ratios for %y, #%8p, 2%0py 2%lpy  #%2py and

2% LY
2o my relative to “1U,

UNCERTAINTIES ASSOCIATED WITH THE THRESHOLD METHOD

The sverage cross-section ratio, A, in an energy interval is related to
measured quanticies by A = (R/G ~ 1), where R is the average of R(E) in the
interval (refer to equation 1). The uncertainty in A can be coaveniertly
written in terms of fractiomal errors:

172
2 2 id
sa frony | (axny (&) + ()

A n A R Q *
This error formula shows how the errots from the three measured quantities,
n, R, and Q, cerbine to give the total error in the average normalized ratio,
A. The fractional errors from R and Q are each multiplied by tie term

(A + n)/A and this factor may be considerably larger thanm 1 If n is greater
than A,
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For our measurements, the eieryy interval Srow 1,70 to 4,00 MeV o was

chosen to compute averdge thveshold method sross-scevion ratics because, in
this energy ranee, the rissjion ratios were venerally smootd and rlat. For
each ratio, the varrgy range chosen Tor Q varied because the high-enerygy end
of the interval was limiced by the vonser of a4 sivniiicant Yission cross

section from the threshold isotope in the mixed chamber.  The low-energy end
of the Q¢ inferval was peneraliv limited by the presence of significant no-

bueam backgrounds.,

Application of rhe thresheld method to our data required that certain
corrections be made,  In the Q interval, we accounted for the subthreshold
fission cross scetions of the threshold isolopes. This was accomplished
within the measurements by using those ratios involving the hiph purity fis-
sion chambers.  For taese measurements, the uncertainty in Q from corrections
resulting from alpha-particle pileup and spontancous {ission backgrounds was
aevligible for 0ll the threshold ratios, except for the 2tpu/23%py racio
where the error is vstimated to be 0,5%, In al? our ratios, the backgrounds
were small fractions of the peutron-indiced counts in the 1.75 to 4.00 MeV
interval where R was computed and the background uncertainty in R was neg-
ligible, Out-of-time peutron backgrounds were measured using the black-
resanance absorber technique and were found to contribute negligible error
within the Q lotervals. No correction wias made for these backgrounds and it
was dassumed chat these errors were also negligible ac higher neutron snergies.
The neutron heam rom the 1inac was collimated to avoid all but the thin
parts of the Fission chumber. We corracted the relative count rates of the
mixed and pure fission chambers for neutron scattering in the aluminum foils
and other chamber parts. The scattering correction was less than 0.5% in mag-
nitude, except at the large aluminum resonances, and the uncertainty from
scattering in the corrected ratio R(E)/Q was negligible.

Our measurements contain the assumption that the efficiencies for
detecting fission fragments in the fission chambers are independent of neu-
tron energy. The degree to which this assumption is realized is an especially
important question in the mixed chambers. In our mixed chambers, the fissions
determining Q were from the nonthreshold isotope, whilc the majority of the
fissions determining R(E) came from the threshold isotope. We measured the
energy dependence of all of our fission chembel efficiencies and our results
for the uranium isotopes are availabl. {3]. Fission-chamber pulse-height
distributions were obtained simultaneously for a number of wide neutron energy
bands by processing both time-of~flight and pulse-height information for each
event. Comparison of these distributions at different neutron energles showed
that there were ~nergy-dependent effects that increase as the efficlency for
detecting fission fragmencs decreases. Since our fission chambers weve de-
signed to permit good separation of fission and alpha-pileup pulses, we were
able to choose the bias levels for our data so that the energy variations of
the efficiencies were acceptably small (<0,5%),

An accurate determination of n, the atom ratio of the nonthreshold to
threshold nuclide in the mized chamber, was esseutial for the successful
application of the threshold cross-section mechod. For mixtures involving two
isctopes of tie same element, mass spectrometry was used to determine the atom
ratio. Determining the ratios involving two isotopes of different elements
was more difficult, and therefore we used isotope-dilution mass spectrometry
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and controtled-potentiial coulometry. Measurements of =, as determined by
groups at LLL and the Los Aldmos Scientific Laburatory are reported in
Table II, along with their total unccertainties, expressed as standard
deviations,

When preparing mixtures of different elements for the feoils for the mixed
chambers, special care must be taken to ensure that the mixture remains homo-~
geneous. In some instances, the cheristry of plutonium Is quite different
from that of uranium, e.g., polvmerization., Steps should also be taken to
insure an accurate determination of 1, In our experiment, sampies were sent
to variecuvs laboratories and only two of these labs were able Lo give atom-
ratio determinations that were consistent with the yuoted crrors.

COMPARISON WITH FISSION RATIOS AT THERMAL NEUTRON ENERGY

We made a comparison for the ratios of the fissile isotopes zsaU, 239py,
and 2%!'Pu to ??°U between our threshold method results and evaluations of
thermal enerpy fission cross-section ratios. This was accomplished by con-
ducting additional fission-ratios measurements at the LLL linac in the energy
range from 0.01 eV to 3C keV. The low-energy resuits were tied to our high-
energy ratios in the epergy ranpe 0.65 to 30 keV. These thermal measurements
provide a cross—check on our high-~energy ormalization and are not an attempt
to improve the thermal values. In Table III, we compare our preliminary
results for fission cross-section ratios at thermal neutron energyv to recent
evalnations of these ratios [17,18]) and our uncertainties inclu’e estimates
of all identified experimental errors. The 23357233 ratio has a discrepancy
with the evaluarions which we are vnable to explain at this time,.

FURTHER COMPARISONS
Several of our fission cross~section ratios are compared over the neutron

ener§y ran§e includiug the 1.75 to 4,00 MeV normalization interval in Figure 7.
. 5y 5
The 2%/23%y, 2%%u/2°%y, and ?*°Pu/??%U ratics are discussed below.

The zasUI“SU Fission Cross-Section Ratio

In Figure 7a, our data for the 23Byy/235y fission cross-section ratio are
compared to others over the neutron energy range of 1.75 to 5.5 MeV. Good
agreement is found between our data and that of Jarvis [19], White and
Warner [16], Meadows {11], and Poenitz [9]., The data of Stein, Smith, and
Smith [15] have the same general shape as our results but thelr data are
approximately 3.5% lower than ours.

The 2?7y/2?5y Fission Cross-Section Ratio

Figure 7b presents our data for the 233y/2%5%y fission cross-section ratio
as compared to others over the energy range of 0.8 to 4.0 MeV. Our results
are in good agreement with data of White and Warner [16] and of Pfletschinger
and Kaeppeler [14). The data of Meadows [B] agree in shape with ou~ results
but are about 5% higher in value.

i
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The **%pu/? %3y Fission Cross-Section Ratio

2 5 e : . N . N e v
our 23%Pu/7 5L [ission cross-section ratio is compared in Figure 7¢ with
the results of White snd Warner [16] and of Poenitz [12]. Good aprecment s
found over the cnergy range of 0,8 to 5,5 MeV,

Table IV contains a detailed comparison ol vur results with the data of

White and Warner {16} a: their four neutrun LnLrg si 1.0, 2. ‘>. 5.4, and

.1 MeV. %ood agrevment is found for the 277/ 7%° b 8U S5, and 7 %u/
2%y ratios. Several of the renalning ratlios do not agru- well; however, it
should be mentioned that the White and Warner results depend on alpha-decay
half-lives because alpha-counting was their main assaying technique. Substl-
tuting currently accepted half-life values for those used by White and Warner
brings their results inco closer agreemcnt with our data.

CONCLUSTOXNS

The threshold cross-section method was successtfully used to determine
fission cross-section ratios of Your uranium and five plutonium isotopes rela-
rive to 275U, We found that certain experimental errors common to past nor-
malization metheds can be eliminated or significantly reduced by use of this
method. However, high-efficieacy fission detectors are needed to prevent a
significant energy dependence in the efficiency. This is e¢specially true for
the detector containing the isotope mixture required for the threshold method.
Although the data veduction is sligihtly more complicated in the threshold
method, one gains the advantoge that che ratio af elfective numbers of atoms
may be determined simply and accurately,

We consider the threshold method to be a logical extension of tlie exist-—
ing techniques and procedures, and advances in the design of neutrcn-producing
facilities permit these methods to be more fully uytilized. The threshold
method is not limited to facilities producing white-neutron spectra but the
simultaneous sampling of all neutvon energzies eliminates the effects of any
slow variation in detector efficiency over the time period of the measurement.

Work on measurlng fission cross-section ratios continues at LLL. Meas-
prements of 2° Np and 2“'Am relative to 233U are presently being made and in
the near Future, 2°°Th, 2%2Th, and °“’Am will also be studied. All ratios
will be determined using the threshold method.
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TABLE 1

Isotopic Analyses of High-Purity Isotopes Using Mass Spectrometry.

: Isotopilc Compositior (Mass Number) Areal

: lsotope (ar.%) Densiry

i 735 FETRENET 736 738 739 £ FOTUTY 756 (g/nd)

: =

: 233
133, 99, uye 0.601 2.7
234 0.005  99.54 0,10 0,05 0.0) 3.0

: 113 L3 9991 0.02  2.04 3.0

: 25 9,605 99.99+ 1.9

: 238

5 v .u006 99.99+ 3.1
239, 99.976  0.520 2.0
%0p, 0.800 38..82 0.545 0.173 0.6
Hly, ©0.0006  1.372  G.234 98,30 0.088 <0,00046 1.9
)
ey 0.011  0.092 0.013 0.0l 99.872 1.1
Wy 0.006 9.306 0.07% 2,035 98.578 1.1

~
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TABLE II

sreshold Method Normalization Values and Measurements of n for Various
Fission Cross-Section Ratios.

Determination of n

Sn
Contralled-Potential

Fission Cross- Threshold Mechod Mass Isotope-Dilucion
Section Ratio Normalization Value® Spectrometry Mass Spectrometry Coulometry
st u?f Last? i é
o2 1220 : 0.012 10,0016 :0.0016
i 236,235, 0.7216 £ 6.009% :g:égﬁ :gzggﬁ
238,235 0.4422 + 0.0039 :Siéggg :g:gggé
238,233 0.3007 + 0.0026 :g:éf)gz :313332
Byt o s o Sum sk e
| Pyt o e Syl gme s
i- Bt o o i gmm  eam
242p,23%,, 0.7342 * 4.0095 :g:gggé £:33§2
2hp, 2%, 0.6406 ¢ 0.0101 :g:égzi :g:ggzg

Z0ver the normalization energy interval 1,73-4,00 MeV.
expressed as standard deviations.

sAnalyzed by R. 5. Newbury, lawrence Livermore Laboratory.

®As determined by J. H. Cappis, Los Alamos Scientific Laboractory.

Errors indicate total uncertainties

aDe:ermined by J. E. Rein and G. R. Waterbury, Los Alamos Scientific Laboratory.

B €Jecermined by J. W. Magana and J. E. Harrar, Lawrence Livermare Laboratory,
was used on the 2“?Pu and ®““Pu samples.

12

Direct weighing

’Assays performed at intermediate steps in the fission foil preparation. These assays indicate
that gross errors were not present in the preparation techaique.




TABLE TII
Comparison to Thermal Fission Cross-Section Ratios Relative to 2351).
& P T
i Present Work Lemmel Difference Stehn Difference
H Fission Cross~ Thermal FPercent Thermal FPercent ae Thermal bo
: Section Ratin Ratto Error Ratin Error o Ratio it
%) [¢3] (%) %)
233y 235 0.879 1.6 0.908 203 +43.2 0.911 4.5
239,235 1.279 12,4 1.275 0.3 -0.3 1.267 -0.9
241y, 235, 1.772 2.5 1760 0.7 1.8 1.722 2.9
. D. Lemmel {1975). Sce Reference 17.
bJ. R. Stehn (1974). See Reference 18,
¢, - Evaluated Value-Present Work
4z Evaluated Value 1o0z.
i
H
TABLE 1V
Comparison of Present Work With White and Warner.%
Neutron Energy (MeV}
1.0 77 ) T
Fission Cross- Present 5 Present Present . Present - S
Section Ratio  Work® WS 87 work®  WAWPC 6 gen® WS AP nE Bl aP
[£4] ) (€3]
) 23,235, 1514 L3504 1483 145 1,610 1.362 1,076 1.078
: v 0,022 =000 "7 solont o029 20 spiods w0027 P4 sglozs  =0.022 <003
: 23,235 0.510 0,953 1181 1.227 1,213 1.206 0.972  0.956
: wie .08 :0.019 7 00021 200023 % s0.025 :0.026 06 w0l03¢  zo.019 16
; 236, ,235 0,306  0.278 0.706  0.655 . 0.800  0.765 0.775  0.738
M L w0.008  :0.008 ‘9 zo.oas  s0.003 T7t? cpuods .05 T4 solp2s  woupds Y8
238,235 0.0141 d 0,426 0627 _ 0.535 0,528 0.557  0.549
b =0.0005 M w0008 +0.009 "O'2 s0.008  soom h? wplolo mplonn R
: 239, 235 1438 1.435 1,525 1.520 1.592 1,575 1049 1.163
Pul"0 o025 :bio2s 02 spioza s0.030 Y003 :0i033 200032 PNl alozs  s0.023 12
20, 235 1.265 1,156 1.346 1,261 1.408 1,409 1.093  1.067 :
P70 gploza r0,c23 T3 salpaz soipzs T spo3s solo2 O kplp33  s0lom *4e2 .
w1, 235 1291 1.356 _ 1.262 1325 1.2 1.290 1,070 119 I
a0 e B0 sim vast 0 oieas soiove I3 siows  sooes 6 =
2p, Y. White and G. P. Warmer (1967). See Reference 15. -
A
¥ = {Present Work)-(Ref. 163
&= (Pregent Work) * 1007.
®Errors are ame standard deviation of Cotal uncertainties. .

Not Measured.
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Figure

Figure

Figure

Figure

Figure

Figure

Figure

1,

FIGURE CAPTIONS
Fission cross-section ratio of 2%%0U to 235U: statistical error
bars are shown. (a) Threshold method ratio of the mixed chamber
to the pure chamber rate file. (b) Threshold method ratio (+)
compared to the ratio obtained from the high-purity isotope
chambers (continuous line). (c) Ratio obtained from the high~
puritv chambers, normalized to 0.4422 * 0.0039 from 1.75 to
4,00 MeV. (d) Ratio from the high-purity chambers from 0.1 to
1.5 MeV,

Fission cross-section ratios: statistical error bars are shown
for each point. (a) Threshold method ratio of 238y po 233y,

(b) Ratio of 2% to ??5U, normalized to 1,471 * 0.018 from 1.75
to 4,00 Mev,

Fission cross-section ratios: statistical error hars are shown
for each point. (a) Threshold method ratio of 248y o 23%py,

(b) Ratio of 2?°Pu to 23U, normalized to 1.527 t 0.026 from 1,75
to 4,00 MeV,

Fission cross—section ratios: statistical error bars are shown for
each point. (a) Ratio of 2357 to Z”'U, normalized to 1.220 = 0,012,
(b} Ratio of 2°®U to 273%y, normalized to 0.7216 * 0,0099.

Fission cross-section ratio of 2*!Py to 235U, normalized to
1.269 + 0,023 from 1.75 to 4.00 MeV. Statistical error bars are
shown for each point,

Fission cross-section ratios: statistical error bars are shown for
each point. (a) Ratio of 240py to 23U, normalized to 1,367

+ 0,030, (b) Ratio of 2“%Pu to 23%J, normalized to 1.121 * 0.024.
(c) Ratio of 2*“Pu to 2?°u, normalized to 0.0782 & 0,023,

Fission cross-section ratios. Present work 1Is represented by (+)
and letter codes Indicate the work of other investigators, Error
bars represent the total uncertzinties, expressed as standard
deviations, (a) Ratio of 238y to 235 yrom 1.8 to 4.0 MeV,

(b) Ratio of 2% to ?3°U from 0.8 to 4.0 MeV. (c) Ratio of
23%y to %%% from 0.8 to 5.5 MeV.

14




ey

1.6
{a)
1.2+ St
LEPIA TR
/lllp e
a
R(E)_( 28)+0‘..
n 9y }
0.8
[~

0.4+

{
0.0
0.1 1.0 10
0.7
(b} .
0.6~
AR} .
'2 0-.') - ..,;'
+ Pt f
2 0.50- ; e
.§ M‘ﬂ’.¢
§D.4L AT
a - %28 R(E) )
20 4 s * 7 (T
< Y.3™ "
° f
5 :
= 0.2 ¢
o &
« '
01—
Wt
.0
0.0 10

Neutron energy — MeV

Behrens - Fig. 1




_ud

P~ (V=]
©o o © o ©o o o

OL7BJ UOL}IIS~SSOUD UOLSSLY

L ...;Fl_r.. L1rlL 2
ST T TR

100

o
o

_ o
—~
™
—_

. o

L 1=
<

'v«
.

T ~

M o

- b

- JO

— -

o

—

_ 1 | =
— o~ ) < n O
) D ) ) D

o o (= o o

— — — - Ll
o1

o4 U01309S-SSOUD UOLSSL

Neutron energy — MeV

Behrens - Fig. 1
Continued

16




0.8

{a)
g
‘ Q. 7
; o "
S 0.6~ '
4 .
e ;
f
= B
So.s- Wt
o N ‘et e
g ‘
4 - ’
: 5 0.4 e
< 1 1t |
: m )
H o
: B
' 90,3 RN
B = o
] S -
- R
»
w0.2— s
—
’ e .
s 0.1 -
i - |
3 s !
. ol # i
100

1.0 10

Fission cross-section ratio

1.0

{ L
0.1 1.0 10 100
Neutron energy — MeV

I3 Behrens - Fig. 2

17




A T S P

Fission cross-section ratio

10 100

(b)

# 2
">
b
-_2‘

Fission cross-section ratio

09[ | | _.J

0.1 1.0 10 700
Neutron energy - MeV

Behrens - Fig. 3

18 i




.41

=]
o
-
. -
- - v .
< R
. IA N =
-7 -
avot ‘!«.
Fy T
Ttz
s i - e
P L —
e v .
- - L
—_ —_
) )
Z =
H [and
i 1 I i | 1 | I | :
~ S © o = ~ =) ) © =) o~ =
-— - o o o = o - = o o o
oLsst

0}3B4 UOLJIBS-S504D U

01384 UOL}IBS-SSOAD UOLSSLY

Neutron energy — MeV

Behrens - Fig. 4

19

st 0




2714000,
-:'.; .,v 1 174
i " u’ AR
s 1.3 40t " ton
ut, M e ‘e
S i I A ""1 LI cfﬂ,‘
s + R &
o WY
2 "‘o"j'?‘ ¢
v 1.2 S
© 4 !
n P
2 N
(7] i
1 R
< RN
— 4+
a ¢
-y I :
c 1.0 pun
’:',‘,
0.9
I I
0.1 1.0 10

Neutron energy — MeV

Behrens - Fig. 5

20

100




o

—

—

. S B

o

—

———

— — (=] o o
01704 UO13DI9S-SSOUD UOLSSL]

4

QQ
(=) (=)

<t

—

—

S
- =)

- =) o o
017E4 UJL}IIS-SSOAI UOLSSLY

.,

.

[ MRS A S M—

=

100

10
Neutron energy — MeV

1.0

0.1

QQ

(=)

Behrens - Fig. 6

21



o
U B =
e
; *y
1 S
lN
7
2 do
-, ¥ -
¢ .
..
i
k
..‘.a
. o
. 1=
.~
:!/x
—
(&)
— —
| | t i . 1 L o
< o~ o ) © < ~ (=)
— i - o o o o o

Ol3BJ UOL}D3S-55042 UOLSS)Y

Neutron energy — MeV

B L LTI PRSP

Behrens - Fig. 6

Continued

22



. 4= Ch— PO
- Q —~—— ——
[~
- ®
- °
- 6 mELUNE
£ o
- -
. T
-
-
- L4
-
.
‘1
‘s '
- ,
a¥ o
Y
ot
= -
Z
| I Y — ! L
=t o o W QO = o o
w w w = =i = < =
o o o o o o o o

01384 UOLFIIS-SSOUI UOLSSLY

5.0

4.0

2.0

0.38

U o
-
<+ 0w
==
\ILO
» g
~ == -
>
. .
o
» 4<
h o~
> .
,
. o
-, -t b — .
. -
'
|
- R AU S
© © <
- - ~

Oljed 1OLFINS-$S04D UOLSSLY

Neutron energy — MeV

Behrens - Fig. 7

23



,
Y- N0
U ——
o —]
- L]
=4
R o o=
- (&)
R _
"
AN
— PR,
L . R T
. “
| ! 1]
~ (Y=] w <t
~ — - —-
0l]BJ UOL}IDS-SSOAD UOLSSLY

6.0

5.0

4.0

Neutron energy — MeV

2.0 3.0

1.0

~

Behrens - Pig.
Continued

24



